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Discovering neutrino decay would be strong evidence of physics beyond the Standard Model.
Presently, there are only lax lower limits on the lifetime τ of neutrinos, of τ/m ∼ 10−3 s eV−1
or worse, where m is the unknown neutrino mass. High-energy cosmic neutrinos, with TeV–PeV
energies, offer superior sensitivity to decay due to their cosmological-scale baselines. To tap into it,
we employ a promising method, recently proposed, that uses the Glashow resonance ν¯e + e → W ,
triggered by ν¯e of 6.3 PeV, to test decay with only a handful of detected events. If most of the ν1
and ν2 decay into ν3 en route to Earth, no Glashow resonance would occur in neutrino telescopes,
because the remaining ν3 have only a tiny electron-flavor content. We turn this around and use the
recent first detection of a Glashow resonance candidate in IceCube to place new lower limits on the
lifetimes of ν1 and ν2. For ν2, our limit is the current best. For ν1, our limit is close to the current
best and, with the imminent detection of a second Glashow resonance, will vastly surpass it.
Introduction.— In the Standard Model (SM), neu-
trinos decay only with lifetimes many orders of magni-
tude longer than the age of the Universe [1–3]. For all
practical purposes, they are stable. Yet, in proposed SM
extensions, neutrinos may decay faster by emitting new
particles with which they couple strongly; see, e.g., Refs.
[4–12]. In this case, decay, though still rare, may be de-
tectable in neutrinos that travel long distances. Detect-
ing it, or significantly constraining the neutrino lifetime,
would help to steer SM extensions.
This makes high-energy cosmic neutrinos, with ener-
gies of TeV–PeV and traveled distances of Mpc–Gpc [13–
17], ideal probes of neutrino decay [18–36]. Neutrinos
emitted by astrophysical sources initially consist of a mix-
ture of the three mass eigenstates, ν1, ν2, ν3. If neutrinos
are unstable, the heavier among them may decay into the
lightest one [4]. During their trip to Earth, the cumula-
tive effect of many decays nominally grants sensitivity to
lifetimes as long as τ ∼ 102 s (m/eV), where m is the
unknown neutrino mass [33]. This is an improvement of
105–1013 s over the best current lower limits that come
from solar [37] (see also Refs. [38–42]), atmospheric, and
long-baseline neutrinos [43] (see also Ref. [44]), and out-
performs reactor [45] and accelerator [46, 47] neutrinos.
Synopsis.— Because the flux of high-energy cosmic
neutrinos falls steeply with energy [13–17], the rate of
multi-PeV neutrinos that interact inside neutrino tele-
scopes (“contained events”) via neutrino-nucleon (νN)
scattering, the main detection channel, is low. Yet, at
6.3 PeV, ν¯e may trigger the Glashow resonance (GR),
ν¯e + e
− → W−, a long-sought SM process [52]. Because
at this energy the GR cross section is ∼200 times higher
than the νN cross section, it significantly raises the rate
of contained multi-PeV events [34, 53–57].
Reference [33] proposed using the observation of the
GR to probe decay in the inverted neutrino mass order-
ing, where ν3 is lightest. If most of the cosmic multi-PeV
ν1 and ν2 were to decay into ν3 en route to Earth, the
remaining neutrinos would be mostly ν3. Because ν3 has
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FIG. 1. Lower limits, at 90% C.L., on the lifetimes of ν1 and
ν2, as a function of their masses. We assume inverted neu-
trino mass ordering, i.e., ν1 and ν2 decay to a stable, visible
ν3. Our new limits come from observing Nobs = 1 contained
shower in the 4–8 PeV range, the first Glashow-resonance
(GR) candidate, in 4.6 years of IceCube (IC) [48]. Projected
limits come from observing 2 such showers. Existing limits
come from solar neutrinos [37]. Low masses are excluded by
the measurement of ∆m2i3 ≡ m2i −m23 (i = 1, 2) in oscillation
experiments [49, 50]; high masses, by cosmological bounds on
the sum of neutrino masses [51] (see Ref. [33] for details).
a tiny electron-flavor content, the flux would not con-
tain sufficient ν¯e to trigger the GR within a few years in
present-day detectors. Therefore, detecting even a single
event at around the GR energy would reveal the presence
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2of ν1 or ν2, and allow us to place lower limits on their
lifetimes. For the first time, we apply this method in a
full analysis, spurred by the recent detection of the first
GR candidate in the IceCube neutrino telescope [48]
Figure 1 shows that, for ν2, our new limit is the best
one to date. For ν1, our limit is comparable to the cur-
rent best one, from solar neutrinos [37]. We account for
particle-physics and astrophysical unknowns, and for de-
tector effects, and ensure that our limits are conservative.
Neutrino mixing.— Neutrinos are created as flavor
states, νe, νµ, and ντ , but propagate as mass eigenstates,
ν1, ν2, and ν3, each with a different mass mi (i = 1, 2, 3),
whose value is presently unknown [58]. The flavor and
mass states are connected by the lepton mixing matrix
U [59, 60]. Each νi contains different amounts of elec-
tron, muon, and tau flavor, respectively, |Uei|2, |Uµi|2,
and |Uτi|2. (Unless otherwise indicated, νi refers to both
νi and ν¯i.) Following convention [61], we write U in terms
of four mixing parameters: three angles, θ12, θ23, and
θ13, and one CP-violation phase, δCP. Their values are
known experimentally (e.g., Refs. [49, 62, 63]), with dif-
ferent precision, which we account for later. Critical to
our work is that |Ue3|2 . 5%; the tiny electron-flavor
content of ν3 make it unlikely to trigger a GR.
While propagating, neutrinos oscillate: a neutrino cre-
ated as να may be detected later as νβ (α, β = e, µ, τ).
Formally, the probability Pαβ that this occurs depends
on the distance L traveled by the neutrino and on its
energy Eν . However, for high-energy cosmic neutrinos,
because oscillations are rapid, we are sensitive only to
the average probability, Pαβ =
∑
i|Uαi|2|Uβi|2 [64].
Flavor ratios.— In astrophysical sources, high-
energy protons interact with ambient matter [65–67] and
photons [66, 68, 69] to produce pions. Their decay
(pi+ → µ+ + νµ) and the subsequent decay of muons
(µ+ → ν¯µ+e+ +νe) produce high-energy neutrinos. This
yields the nominal expectation for the flavor ratios, (fe :
fµ : fτ )S =
(
1
3 :
2
3 : 0
)
, where fα is the ratio of να + ν¯α
to the total. Oscillations change the flavor ratios into
fα,⊕ =
∑
β Pβαfβ,S upon reaching Earth. For the nomi-
nal expectation, this yields (fe : fµ : fτ )⊕ ≈
(
1
3 :
1
3 :
1
3
)
.
However, there are large uncertainties in the production
[70], so below we explore all possible combinations of fe,S,
fµ,S, and fτ,S. Since we focus on a narrow energy range
(4–8 PeV), we assume that fα,S are constant.
Neutrino decay.— We adopt a generic scenario
of non-radiative (i.e., without photons) neutrino decay
where the daughter neutrino is visible, i.e., detectable,
in neutrino telescopes. Following the method outlined
above, we assume the inverted neutrino mass ordering,
where ν3 is lightest; we take it to be stable. We let ν1
and ν2 decay via ν1 → ν3 + φ and ν2 → ν3 + φ, where
φ is a light new boson, e.g., a Majoron [6, 7, 71], with-
out definite lepton number, or a lepton number-carrying
scalar [72]. The Majorana or Dirac nature of neutrinos
determines what helicities are available to the daughter
neutrino, which in turn determines whether it is visible
[73]. We focus on the likely case of Majorana neutrinos,
which entails no helicity suppression for the daughters.
We assume that the daughter ν3 receives the full par-
ent energy [33]. Hence, decay merely converts multi-PeV
ν1 and ν2 into multi-PeV ν3, which may still trigger the
GR, albeit at a very low rate. Under the alternative as-
sumption that ν3 receives a fraction of the parent energy,
then, because the neutrino flux falls steeply with energy,
no multi-PeV ν3 would be left to trigger the GR. Thus,
the former assumption is more compatible with the obser-
vation of multi-PeV events from which we derive lifetime
limits. We adopt it to ensure our limits are conservative.
Other than the above assumptions, our limits on neu-
trino lifetimes are model-independent. Later, we trans-
late them into limits on the interaction with φ assuming
that it has scalar and pseudoscalar couplings [4, 39], de-
scribed by L = gij ν¯iνjφ + hij ν¯iγ5νjφ + h.c., where gij
and hij are coupling constants. More sophisticated mod-
els exist [73], but we do not explore them here.
The inverted mass ordering remains viable though
there are indications that it is normal [74]. In the normal
ordering, the decay of ν2 and ν3 into ν1 is better probed
with high-energy cosmic neutrinos via flavor ratios [33].
Decay in high-energy cosmic neutrinos.– After
traveling a distance L, the number of remaining un-
stable νi of energy Eν , with lifetime τi, is reduced by
a factor of exp[−(mi/τi)(L/Eν)]. Here, Eν/mi is the
Lorentz boost of the neutrino; in the lab frame, the
neutrino lifetime is (Eν/mi)τi, so more energetic neutri-
nos live longer. Thus, PeV-scale cosmic neutrinos with
known L and Eν are nominally sensitive to τi/mi ∼
102 (L/Gpc)(PeV/Eν) s eV
−1. Since τi appears in the
ratio τi/mi, below we place limits on this ratio.
The cosmological expansion dampens the energy of
neutrinos emitted by a distant source located at red-
shift z, which affects their lifetime in the lab frame.
We follow Refs. [27, 33] to incorporate the effects of
decay, including redshift corrections, into the flavor ra-
tios, i.e., fα,⊕ ≡ fα,⊕ (Eν , z; fe,S, fµ,S,θ, τ1/m1, τ2/m2),
where θ ≡ (θ12, θ23, θ13, δCP). The Supplemental Mate-
rial contains the full expressions.
Testing decay via Glashow.— In the case where
most of the ν1 and ν2 have decayed before reaching Earth,
the flux contains mostly ν3, and the flavor ratios are
given by its flavor content, i.e., fα,⊕ ≈ |Uα3|2. Because
fe,⊕ ≈ |Ue3|2  1, the number of ν¯e arriving at Earth
would be too low to yield a detectable rate of GR events
at neutrino telescopes within a few years. Therefore, de-
tecting even a single GR event would allow us to place
lower limits on the lifetimes of ν1 and ν2. Reference [33]
showed the promise of this method, but did so assuming
that decay was complete upon reaching Earth, using only
two representative flux cases, and a simplified computa-
tion of event rates. Below, we lift these simplifications.
Diffuse neutrino flux.— The astrophysical sources
responsible for the bulk of the observed diffuse flux of
high-energy neutrinos are unknown, but likely extra-
galactic [75–80]. We compute the flux, including the ef-
fects of neutrino decay, as coming from a population of
3unspecified extragalactic sources whose number density
ρsrc evolves with redshift. We add the contributions of
sources up to z = 4; more distant ones contribute negli-
gibly. The contribution of each source to the energy flux
of να at Earth is Jνα ≡ φ0(1 − fν¯)fα,⊕E2−γν , where the
normalization φ0, the spectral index γ, and the fraction
fν¯ of ν¯ in the flux are free parameters that we vary below.
For ν¯α, we replace (1 − fν¯) by fν¯ . The neutrino lumi-
nosity density ρsrcJνα follows the star formation rate [81]:
most candidate sources lie at z ≈ 1, or 2–3 Gpc [82]. The
Supplemental Material has details of the calculation.
At low energies, more ν1 and ν2 decay into ν3, and so
the flux of ν¯e is lower. At high energies, lifetimes are
longer and the ν¯e flux is higher. Our analysis is sensitive
to lifetimes shorter than 103 s eV−1, for which decay is
complete or significant at the GR energy of 6.3 PeV.
In-Earth propagation.— Once neutrinos reach
Earth, we propagate them along all directions through its
interior, where they interact with matter, and up to Ice-
Cube, located at the South Pole. Neutral-current (NC)
νN deep inelastic scatterings (να+N → να+X, where X
are hadrons) dampen the flux at high energies, since final-
state neutrinos escape undetected with 70% of the parent
neutrino energy, on average. Charged-current (CC) scat-
terings (να+N → α+X) attenuate the flux by removing
neutrinos. (The CC scattering of a ντ produces a tauon
that decays into a ντ , so the ντ flux is less attenuated.)
The GR attenuates the ν¯e flux around 6.3 PeV.
We use nuSQuIDS [83–85] to propagate neutrinos inside
Earth along each direction cos θz, where θz is the zenith
angle measured from the South Pole. For the matter
density profile, we use the Preliminary Reference Earth
Model [86]. The effect of in-Earth propagation on the
neutrino spectrum varies for each flavor, for ν and ν¯, and
is more significant for high energies and long paths. It is
important only for upgoing neutrinos, i.e., cos θz < 0.
Detecting high-energy neutrinos.— Presently,
IceCube is the largest neutrino telescope, an array of
photomultipliers that instruments 1 km3 of Antarctic ice
at depths of 1.5–2.5 km. When a high-energy neutrino
scatters off the ice, it creates final-state charged particles
that radiate Cherenkov light. From the amount of light
collected, it is possible to infer the neutrino energy.
For a given neutrino flux at IceCube, we compute the
expected detection rate via νN NC and CC scattering of
all flavors of ν and ν¯, and via the GR of ν¯e. We focus on
“shower” events born from all of these interactions, i.e.,
particle showers around the interaction point, with a light
profile that expands roughly spherically. This is the most
likely outcome of the decay of the W from a GR: 67% of
the time it decays into hadrons, 11% into electrons, and
11% into tauons, all of which shower promptly [61].
The first GR candidate was found by IceCube in
4.6 years of data, in the form of a partially contained
shower with an energy of about 6 PeV [48]. Preliminary
results show that the most likely energy of the parent
neutrino matches the GR energy [48]. Its identity as a
GR shower, and not a νN CC shower, is further sup-
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FIG. 2. Number of contained multi-PeV showers in IceCube
in 4.6 years of exposure, without decay and with complete
decay. For this plot, we choose illustrative values of γ = 2.1,
φ0 = 8 ·10−7 GeV cm−2 s−1 sr−1, (fe : fµ : fτ )S = ( 13 : 13 : 13 ),
fν¯ = 0.5, best-fit values of the mixing parameters, and equal
lifetimes for ν1 and ν2, of τ1/m1 = τ2/m2 = 0.1 s eV
−1. In
our analysis, we let these parameters vary; see the main text.
ported by a new analysis that hints at the presence of
muons in numbers that are compatible with an origin in
the hadronic decay of the W made in a GR [48, 87].
Multi-PeV shower rate.— The energy Edep de-
posited by a shower depends on the energy Eν of the
parent neutrino and on what fraction of it is given to the
final-state charged particles, i.e., on the inelasticity. For
a given neutrino flux, we follow the procedure from Ref.
[88] to compute the shower spectrum dNsh/dEdep due to
the GR plus νN interactions. It accounts for the different
relation between Eν and Edep for each interaction type
and decay channel of final-state tauons and W bosons,
and for the IceCube energy resolution, of ∼12% [89]. The
Supplemental Material outlines the calculation.
Our observable is the expected number Nsh of show-
ers with Edep = 4–8 PeV, detected over a time T , and
integrated over all arrival directions, i.e.,
Nsh = 2piT
∫ 8 PeV
4 PeV
dEdep
∫ 1
−1
d cos θz
dNsh(Edep, cos θz)
dEdep
,
for given values of the free parameters of our analysis. At
these energies, the contribution of atmospheric neutrinos
is unimportant [90], so we neglect it.
Figure 2 shows the shower spectrum, without decay
and with complete decay, for an illustrative choice of pa-
rameters. In it, under complete decay, the multi-PeV
shower rate is reduced by a factor of |Ue3|2 /fe,⊕. For the
4nominal expectation of fe,⊕ ≈ 1/3, this factor is about
0.1. In this case, the probability that a fluctuation yields
one or more multi-PeV showers is a few tens of percent
[33]. Below, we explore a wide variety of values of |Ue3|2
and fe,⊕, which significantly alter this probability.
Statistical analysis.— We generate test shower rates
Nsh for many different choices of values of the free pa-
rameters, which are listed below, and compare them to
the number of contained showers Nobs observed by Ice-
Cube in the same range of 4–8 PeV. When computing
present-day limits on the lifetimes, we set Nobs = 1 in
T = 4.6 years [48]. When making projections, we scale
up these numbers assuming that they reflect the rate of
multi-PeV showers, i.e., one in IceCube every 4.6 years.
We compare the expected and observed shower rates
via the unbinned Poissonian likelihood function
L
(
φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
;Nobs
)
=
e−NshNNobssh
Nobs!
,
where Nsh ≡ Nsh(φ0, γ, fe,S, fµ,S, fν¯ ,θ, τ1/m1, τ2/m2)
depends on the 11 free parameters of the analysis. (Since
fτ,S = 1 − fe,S − fµ,S, we need only vary fe,S and fµ,S.)
We vary their values independently of each other. The
likelihood accounts for the possibility that in a flux de-
pleted of ν¯e by decay, upward random fluctuations in the
νN rate mimic true GR showers. We adopt a Bayesian
approach to maximize the likelihood and use MultiNest
[91–94] to efficiently explore the parameter space.
For the flux normalization and spectral index, φ0 and
γ, we use priors based on the most recent measurement of
the IceCube diffuse flux at lower energies using νµ [95],
which, extrapolated, is compatible with the GR candi-
date [48]. For the mixing parameters, θ, we use priors
built from the recent NuFit 4.1 global fit to oscillation
data, assuming inverted mass ordering [49, 50]. For fe,S,
fµ,S, and fν¯ , we use uniform priors across their full ranges
of values. For the lifetimes, we use generous uniform pri-
ors in log10[(τj/mj)/(s eV
−1)] ∈ [−5, 15] (j = 1, 2). The
Supplemental Material contains details.
Results.— Presently, with Nobs = 1 observed shower,
we find no statistically significant evidence for neutrino
decay. Already at 90% C.L., the lifetimes are only
bounded from below. (The Bayes factor comparing the
Bayesian evidence of our fit to a fit without neutrino de-
cay is B ≈ 0.27, which, in Jeffreys’ scale [96], means
that the scenario without decay is favored.) Therefore,
after marginalizing over all other parameters, we set the
following lower limits on the lifetimes:
τ1/m1 > 2.91 · 10−3 s eV−1 (90% C.L.) ,
τ2/m2 > 1.26 · 10−3 s eV−1 (90% C.L.) .
The limit for ν1 is better because its electron-flavor con-
tent is larger than that of ν2, so we are more sensitive to
the decay of ν1. Compared to the estimated sensitivity of
10 s eV−1 from Ref. [33], these limits are lower because
they account for parameter uncertainties, some of which
are large. Below we show that higher statistics quickly
match and surpass the estimate from Ref. [33] for ν1.
TABLE I. Present-day and projected lower limits on the life-
times of ν1 and ν2, based on the observation of Nobs showers
with 4–8 PeV in IceCube. For each τi/mi, its allowed range
is marginalized over all other parameters. Our main result
is highlighted. In two cases only, we fixed fα,S and fν¯ . For
the combined IceCube + IceCube-Gen2 projections, we set
the IceCube-Gen2 volume to 5 times that of IceCube and fix
the mixing parameters to their current best-fit values from
NuFit 4.1 [49, 50], assuming inverted neutrino mass ordering,
and including Super-Kamiokande atmospheric data.
Nobs (fe : fµ : fτ )S fν¯
Lower limit (90% C.L.)
[
s
eV
]
τ1/m1 τ2/m2
Present-day IceCube (4.6 years)
1 Free Free 2.91 · 10−3 1.26 · 10−3
1 ( 1
3
: 2
3
: 0) 0.5 1.00 · 10−3 5.35 · 10−3
1 (0 : 1 : 0) 0.5 1.89 · 10−4 4.40 · 10−2
Projections IceCube (9.2, 13.8, 18.4 years)
2 Free Free 0.66 3.40 · 10−3
3 Free Free 93.92 4.57 · 10−3
4 Free Free 593.83 5.83 · 10−3
Projections IceCube (18.4 years) + IceCube-Gen2 (2 years)
6 Free Free 6.29 · 103 1.20 · 10−3
Figure 1 shows that our limit for ν1 is compara-
ble to, but slightly worse, than the limit of τ1/m1 >
4 · 10−3 s eV−1, from the invisible decay of solar neutri-
nos [37], while our limit for ν2 is the best to date, 80%
better than the limit of τ2/m2 > 7 · 10−4 s eV−1 [37].
If there is hierarchy of masses, with m1,m2  m3, the
decay rate of νj is [39] Γj ≡ τ−1j = (g2j3 + h2j3)mj/(32pi),
where gj3 and hj3 are the scalar and pseudoscalar cou-
plings. Our lifetime limits imply upper limits on the
combined couplings (g2j3 + h
2
j3)
1/2 of 4.77 · 10−6(eV/m1)
for ν1 and 7.24 · 10−6(eV/m2) for ν2, at 90% C.L.
Table I shows how fixing production properties to the-
ory expectations affects the limits. First, at multi-PeV
energies, comparable numbers of ν and ν¯ may be pro-
duced (see, e.g., Ref. [69]); we fix fν¯ = 0.5 for testing.
Second, the electron fraction fe,⊕ at Earth is higher for
the nominal expectation of
(
1
3 :
2
3 : 0
)
S
, coming from the
full pion decay chain, than for the alternative bench-
mark (0 : 1 : 0)S, coming from a scenario with energy-
dampened intermediate muons; see, e.g., Refs. [30, 70].
As a result, in the muon-damped case, fewer ν1 arrive
at Earth, so showers are more likely due to ν2 than to
ν1. Accordingly, Table I shows that by fixing the flavor
ratios to the muon-damped case, our analysis becomes
more sensitive to the ν2 lifetime than to the ν1 lifetime.
As a by-product, we extract the fraction of ν¯ in the
multi-PeV cosmic neutrino flux: fν¯ = 0.64± 0.23. How-
ever, the evidence is weak, and almost the full range of
fν¯ ∈ [0, 1] is allowed already at 2σ. Reference [48] has
complementary preliminary results on the νe/ν¯e ratio.
Outlook.— Table I shows that the imminent obser-
5vation of one additional multi-PeV shower in IceCube,
i.e., a total of Nobs = 2, will place the strongest limit
to date on the ν1 lifetime (see also Ref. [97]). Observing
Nobs = 3 showers will match the sensitivity originally es-
timated in Ref. [33]. Observing Nobs = 4 showers will
realize the potential of high-energy cosmic neutrinos to
test decay, matching the “ultimate IceCube sensitivity”
[33], but without relying on knowing the precise distance
to the neutrino sources. Our limits fall shy only of the
sensitivity of 105 s eV−1 or better from core-collapse su-
pernovae [73, 98, 99] that, however, is hampered by un-
certainties in neutrino emission and mixing. (If φ is mass-
less or very light, there are strong limits from cosmology
[8, 12, 100, 101] and astrophysics [102, 103], but this is
discouraged by recent neutrino mass limits [33, 100].)
IceCube-Gen2 [104], an upgrade planned for the 2030s,
will have a volume 5–7 times larger. It should detect
about one multi-PeV shower per year. By then, the mix-
ing parameters should be known precisely; in our pro-
jections, we fix them to their present best-fit values [50].
Assuming that IceCube detects 4 showers in 18.4 years
(2011–2030) and IceCube-Gen2 detects 2 more in 2 years
(2030–2032), the ν1 limit would be τ1/m1 & 6·103 s eV−1,
nearly six orders of magnitude over our present limit.
Summary.— We have placed new limits on the life-
times of the neutrinos ν1 and ν2 using a novel method:
the observation of the first Glashow-resonance candidate
in IceCube at multi-PeV energies. We assumed an in-
verted neutrino mass hierarchy in which ν1 and ν2 decay
into a visible ν3. We factored in particle-physics, astro-
physical, and detector uncertainties. For ν2, our limit is
the best to date. For ν1, we already match the level of
the current best limit. In the near future, with just one
more event detected, we will greatly surpass it.
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Appendix A: Flavor ratios with neutrino decay
Because of the cosmological expansion, the energy of neutrinos emitted from redshift z is a factor of (1 + z) smaller
by the time they reach Earth, which affects their lifetime in the lab frame. We account for this by following Ref. [27]
to compute the fraction of unstable mass eigenstates νj that remains upon reaching Earth as D = [Z (z)]−
mj
τj
·LHEν ,
where LH ≈ 3.89 Gpc is the Hubble length, Z (z) ' a + be−cz, a ≈ 1.71, b = 1 − a, and c ≈ 1.27 for a ΛCDM
cosmology with Ωm = 0.27 and ΩΛ = 0.73 the adimensional energy densities of matter and vacuum, respectively. For
stable eigenstates, D = 1; for unstable ones, D < 1. If D  1 for all unstable eigenstates, decay is complete.
The decay of νj into ν3 changes the flavor ratio fα,⊕ by a net factor ∝ (|Uαj |2 − |Uα3|2)D. Via D, the flavor ratios
at Earth acquire a dependence on Eν , z, τ1/m1, and τ2/m2. Reference [33] derived a general expression to compute
them. In the inverted neutrino mass ordering, this is
fα,⊕
(
Eν , z; fβ,S,θ,
τ1
m1
,
τ2
m2
)
= |Uα3(θ)|2 +
∑
j 6=3
fj,S(fβ,S,θ)
(|Uαj(θ)|2 − |Uα3(θ)|2)D(Eν , z, τj
mj
)
,
where fβ,S are the flavor ratios at the source and θ ≡ (θ12, θ23, θ13, δCP). The mass-eigenstate ratios are computed
from the flavor ratios as fj,S =
∑
α fα,S |Uαj(θ)|2.
Figure A1, left panel, illustrates the evolution of fe,⊕ with neutrino energy, for fixed redshift, lifetime, and mixing
parameters, assuming the nominal expectation of flavor ratios at the source. At high energies, where the lifetimes
in the lab frame are longer, fe,⊕ ≈ 1/3. At low energies, where the lifetimes in the lab frame are shorter, decay is
complete. There, when ν1 and ν2 are unstable, fe,⊕ = |Ue3|2 ≈ 0.02. At low energies, it is evident that the decay of
ν1 affects the electron-flavor content of the neutrino flux the most, which is why our analysis is mainly sensitive to ν1.
Figure A1, right panel, illustrates the evolution with neutrino lifetime of fe,⊕ computed at the GR energy of 6.3 PeV.
It shows that the GR, and, thus, our analysis, is sensitive to neutrino lifetimes smaller than about 103 s eV−1.
Appendix B: Diffuse flux of high-energy cosmic neutrinos
The diffuse energy flux of να at Earth is (see, e.g., Refs. [33, 77, 105])
E2νΦ
⊕
να
(
Eν ;φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
)
=
LH
4pi
∫ zmax
0
dz
ρsrc(z)
h(z)(1 + z)2
Jνα
(
Eν , z;φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
)
,
where zmax = 4, and h(z) ≡ [Ωm(1 + z)3 + ΩΛ]1/2 is the adimensional Hubble parameter. The contribution of να from
sources at redshift z is
Jνα
(
Eν , z;φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
)
= φ0[(1 + z)Eν ]
2−γ(1− fν¯)fα,⊕
(
Eν , z; fe,S, fµ,S,θ,
τ1
m1
,
τ2
m2
)
.
The flux E2νΦ
⊕
ν¯α of ν¯α is the same as above, with (1 − fν¯) replaced by fν¯ . The redshift evolution of the neutrino
luminosity density ρsrcJνα follows the star formation rate [81].
Figure B1 compares the flux of ν¯e, without and with decay, that arrives at IceCube after propagating inside the
Earth, for an illustrative choice of values of the free parameters. It shows that in-Earth propagation only affects the
flux of upgoing neutrinos (cos θz < 0).
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FIG. A1. Electron flavor ratio at Earth, fe,⊕, allowing for the decay of ν1 and ν2 into ν3. For this plot, for the purpose of
illustration, we fix the source redshift to z = 1, the flavor ratios at the source to (fe : fµ : fτ )S =
(
1
3
: 2
3
: 0
)
, and the mixing
parameters to their best-fit values from NuFit 4.1 in the inverted mass ordering [49, 50]. We show separately results for one
unstable neutrino, two unstable neutrinos (with equal lifetime), or no unstable neutrino; in our analysis, we always allow both
neutrinos to be unstable. Left: Variation of fe,⊕ with neutrino energy. Unstable neutrinos have a fixed lifetime of 103 s eV−1.
Right: Variation of fe,⊕ evaluated at the GR energy of 6.3 PeV with lifetime.
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downgoing (cos θz = 1) and upgoing (cos θz = −0.55). For this plot, we choose the same illustrative parameters values as in
Fig. 2. In our analysis, we let these parameters vary; see the main text.
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Appendix C: Computation of shower rates
The number of contained showers detected in IceCube with deposited energies Edep = 4–8 PeV in a time T ,
integrated over all arrival directions, is
Nsh
(
φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
)
= 2piT
∫ 8 PeV
4 PeV
dEdep
∫ 1
−1
d cos θz
dNsh
dEdep
(
Edep, cos θz;φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
)
.
The shower spectrum dNsh/dEdep is made up of contributions from all flavors, i.e.,
dNsh
dEdep
=
dNsh,e
dEdep
+
dNsh,µ
dEdep
+
dNsh,τ
dEdep
,
where the contribution of each flavor, from νN NC and CC interactions, and from the GR, is
dNsh,e
dEdep
=
dNNCsh,νe
dEdep
+
dNCCsh,νe
dEdep
+
dNNCsh,ν¯e
dEdep
+
dNCCsh,ν¯e
dEdep
+
dNGRsh,ν¯e
dEdep
,
dNsh,µ
dEdep
=
dNNCsh,νµ
dEdep
+
dNCCsh,νµ
dEdep
+
dNNCsh,ν¯µ
dEdep
+
dNCCsh,ν¯µ
dEdep
,
dNsh,τ
dEdep
=
dNNCsh,ντ
dEdep
+
dNCCsh,ντ
dEdep
+
dNNCsh,ν¯τ
dEdep
+
dNCCsh,ν¯τ
dEdep
.
To compute the shower spectra coming from the different interaction channels, we follow Ref. [88]. Below, we only
outline the computation; for details, see Ref. [88]. As illustration, the shower spectrum due to NC interactions of the
flux ΦICνα ≡ dNν/dEν of να that arrives at IceCube from the direction cos θz, after propagating inside the Earth, is
dN sh,NCνα (Edep, cos θz)
dEdep
= NA
∫ ∞
0
dEνΦ
IC
να(Eν , cos θz)
∫ 1
0
dyMeff(Etrue(Eν))R(Etrue(Eν), Edep, σ(Etrue(Eν))
dσNCνα (Eν , y)
dy
.
Here, NA = 6.022× 10−23 g−1 is Avogadro’s number, Meff is the effective IceCube mass [88], and σNCνα is the νN NC
cross section. The inelasticity y is the fraction of the neutrino energy given to the final-state hadrons; the final-state
lepton receives the remaining fraction (1− y). The energy resolution function R describes the mismatch between the
measured deposited energy, Edep and the true deposited energy, Etrue, which varies with Eν . It is a Gaussian with a
spread σ ≈ 0.12Etrue [88]. The contribution of ν¯α is the same as above, with να → ν¯α.
For the νN CC interactions of νe and ντ , the expressions are similar to the one above, with NC→ CC. However, for
ντ , we compute separately the contribution of each decay channel of the final-state tauon. The relation between Etrue
and Eν depends on the flavor, interaction channel, and decay channel of final-state unstable particles [88]. Because
in CC interactions of νe and ντ all final-state particles shower, Edep traces Eν more closely than in NC interactions,
where only the final-state hadrons shower.
For the shower rate from νN interactions, we build the differential deep-inelastic-scattering cross sections on protons
and neutrons [106], dσNCp,να/dy, dσ
NC
n,να/dy, and their CC equivalents, using the recent CTEQ14 parton distribution
functions [107], for να and ν¯α. We weight these cross sections by the mass number A = 18, atomic number Z = 10,
and neutron number N = 8 of water, i.e.,
dσNCνα
dy
=
1
A
(
Z
dσNCp,να
dy
+N
dσNCn,να
dy
)
,
and similarly for CC interactions.
For the shower rate from the Glashow resonance, we compute the ν¯ee differential cross section following Refs.
[108, 109]. Following Ref. [88], we compute separately the contributions of each decay channel of the W boson created
in the resonance, into electrons, tauons, and hadrons. For the tauonic decay, the computation accounts for the fraction
of high-energy tauons that escape the detector volume before decaying, thus not contributing to the shower rate.
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FIG. D1. Probability density functions of the mixing parameters, built from NuFit 4.1 one-dimensional χ2 distributions [49, 50].
Appendix D: Details of the statistical analysis
Given the likelihood function L, defined in the main text, and for a number Nobs of observed multi-PeV showers,
we adopt a Bayesian approach and maximize the posterior probability distribution
P
(
φ0, γ, fe,S, fµ,S, fν¯,θ,
τ1
m1
,
τ2
m2
;Nobs
)
= P(φ0)P(γ)P(fe,S)P(fµ,S)P(θ)P
(
τ1
m1
)
P
(
τ2
m2
)
× L
(
φ0, γ, fe,S, fµ,S, fν¯ ,θ,
τ1
m1
,
τ2
m2
;Nobs
)
.
Here, P(p) is the prior probability distribution for the parameter p, and we abbreviate P(θ) ≡
P(s12)P(s23)P(s13)P(δCP). To place constraints on any one parameter, we marginalize over all the others. For
the lifetime τ1/m1, this is
Pmarg
(
τ1
m1
;Nobs
)
=
∫
dφ0
∫
dγ
∫ 1
0
dfe,S
∫ 1−fe,S
0
dfµ,S
∫
dfν¯
∫
dθ
∫
d
τ2
m2
P
(
φ0, γ, fe,S, fµ,S, fν¯,θ,
τ1
m1
,
τ2
m2
;Nobs
)
.
To find the one-dimensional allowed range of values of τ1/m1 at the 68%, 90%, and 3σ credible intervals, we integrate
this marginalized posterior, starting from the point where the posterior is maximum, until the above integral is a
fraction of the total volume equal to the desired credibility level. To find the allowed range of values of τ2/m2, we
integrate instead over τ1/m1 in the expression above. We use MultiNest [91–94], an efficient implementation of the
multimodal importance nested sampling algorithm for Bayesian analysis, to explore the large parameter space, and
to find the maximum value of the posterior and the credible intervals.
Figure D1 shows the priors of the mixing parameters, built from NuFit 4.1 one-dimensional χ2 distributions [49, 50],
assuming the inverted neutrino mass ordering, and using Super-Kamiokande atmospheric data.
Table D1 shows, for each of the free parameters, their priors and their present-day (i.e., Nobs = 1) allowed posterior
ranges. The allowed ranges of all of the parameters agree comfortably with theory expectations.
Appendix E: Projections for IceCube and IceCube-Gen2
Figure E1 shows present-day and projected lower limits on the lifetimes of ν1 and ν2, assuming they decay to
a visible ν3, i.e., in the inverted neutrino mass ordering; see the main text for details. The limits come from the
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TABLE D1. Parameters varied in the statistical analysis, their priors, and their posterior allowed ranges. For the per-species
normalization of the neutrino flux at 100 TeV (φ0) and spectral index (γ), the priors are built from recent 8-year IceCube
νµ diffuse flux [95]. For the flavor composition at the sources (fe,S, fµ,S) and the fraction of ν¯ in the flux (fν¯), the priors
cover their full allowed range of values. For the mixing parameters (sin θ12, sin θ23, sin θ13, δCP), the priors are built from their
one-dimensional χ2 profiles from the NuFit 4.1 global fit to oscillation data [49, 50]; see Fig. D1. For the lifetimes of ν1 and
ν2 (τ1/m1, τ2/m2), the priors are wide to avoid bias, and cover the range of values where high-energy cosmic neutrinos are
sensitive. The posterior allowed ranges of the parameters are extracted from the observation of Nobs = 1 shower in the range
4–8 PeV in 4.6 years of IceCube. For each parameter, the range shown is marginalized over all other parameters.
Parameter Prior
Posterior allowed range
Best fit ±1σ 90% C.L. 3σ
φ0 [10
−8 GeV cm−2 s−1 sr−1] Normal on 9.00± 2.05 9.36± 1.78 [6.42, 12.30] [3.39, 14.97]
γ Normal on 2.19± 0.10 2.12± 0.07 [2.00, 2.22] [1.87, 2.37]
fe,S Uniform in [0, 1] 0.56± 0.31 [0.08, 0.94] [0.00, 1.00]
fµ,S Uniform in [0, 1− fe,S] 0.17± 0.19 [0.01, 0.63] [0.00, 0.92]
fν¯ Uniform in [0, 1] 0.66± 0.26 [0.20, 0.96] [0.02, 1.00]
sin θ12 From NuFit 4.1 profile 0.62± 0.20 [0.29, 0.89] [0.07, 0.98]
sin θ23 From NuFit 4.1 profile 0.72± 0.16 [0.42, 0.93] [0.18, 1.00]
sin θ13 From NuFit 4.1 profile 0.16± 0.04 [0.08, 0.22] [0.01, 0.26]
δCP [
◦] From NuFit 4.1 profile 119.90± 18.76 [38.13, 140.10] [7.68, 143.46]
log10(
τ1/m1
s eV−1 ) Uniform in [−5, 15] 8.03± 5.22 > −2.54 > −4.94
log10(
τ2/m2
s eV−1 ) Uniform in [−5, 15] 6.81± 5.77 > −2.90 > −5.00
observation of Nobs showers in the 4–8 PeV energy range in IceCube, dominated by showers made by the GR.
Our present-day limits come from having observed Nobs = 1 shower in 4.6 years of IceCube, the first GR candidate
[48]; see Fig. 1 in the main text. Projected IceCube limits come from observing Nobs = 2 (9.2 years), 3 (13.8 years),
and 4 event (18.4 years). Projected limits with IceCube-Gen2 come from observing 4 events in IceCube plus 2 events
in IceCube-Gen2 (2 years), and were obtained by fixing the mixing parameters to their current best-fit values from
NuFit 4.1, assuming inverted mass ordering using the Super-Kamiokande atmospheric data [49, 50].
Figure E2 shows present-day and projected upper limits on the combined scalar (gj3, with j = 1, 2) and pseudoscalar
(hj3) couplings of ν1 and ν2 to a new, light boson φ into which they decay, i.e., (g
2
j3 +h
2
j3)
1/2, inferred from the limits
on the neutrino lifetimes, and assuming a hierarchical neutrino mass scheme where m1  m3 and m2  m3. The
translation of lower limits on the lifetime into upper limits on the combined couplings is in the main text. Presently,
with Nobs = 1, the 90% C.L. upper limits on combined couplings are 4.77 ·10−6(eV/m1) for ν1 and 7.24 ·10−6(eV/m2)
for ν2. In the future, with Nobs = 2, the limits will be 3.17 · 10−7(eV/m1) for ν1 and 4.41 · 10−6(eV/m2) for
ν2. For comparison, the limits coming from the decay of solar neutrinos [37] are 4.07 · 10−6(eV/m1) for ν1 and
9.72 · 10−6(eV/m2) for ν2.
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FIG. E1. Current and projected lower limits on the lifetimes of ν1 (left panel) and ν2 (right panel). Note the different vertical
scales between panels. For the combined IceCube + IceCube-Gen2, we fix the mixing parameters at their current best-fit
values. Limits from solar neutrinos are shown for comparison.
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FIG. E2. Present-day and projected upper limits on the combined scalar (gj3) and pseudoscalar (hj3) couplings of ν1 and ν2
to a light new boson φ. Limits from solar neutrinos are shown for comparison.
